Introduction {#Sec1}
============

Over last several decades, terrestrial yeasts have been widely studied for various applications in food, pharmaceutical, cosmetic and chemical industries (Kutty and Philip [@CR17]). However, investigations on marine yeasts are comparatively few. Recent research revealed that marine yeasts own unique and promising features over their terrestrial counterparts, for example, higher osmosis tolerance, higher special chemical productivity and production of industrial enzymes (Zaky et al. [@CR38]). Besides, oleaginous yeast have numerous advantages which make them promising sources of oil for biodiesel production (Ageitos et al. [@CR1]). The wide features of oleaginous yeast make them a potent source of oil for sustainable development of bioenergy technology especially in the coastal regions around the globe.

Unlike other oil-producing microorganisms, such as microalgae, oleaginous yeast do not require long fermentation period and their resulting lipid profiles could be simply manipulated by varying the fermentation conditions (Dias et al. [@CR8]; Sitepu et al. [@CR28]). In addition, oleaginous yeast can grow on various substrates, even inexpensive materials such as organic wastes, thus making the lipid production more efficient from low-cost raw materials (Deeba et al. [@CR7]; Ghanavati et al. [@CR11]; Polburee et al. [@CR22]; Slininger et al. [@CR29]; Xiong et al. [@CR36]; Zhang et al. [@CR39]). The lipids accumulated by oleaginous yeast are mainly composed of long-chain fatty acids, including oleic acid (C18:1), palmitic acid (C16:0), linoleic acid (C18:2) and stearic acid (C18:0), which are similar to the composition of plant oils and can be converted into biodiesel by enzymatic or inorganic catalysis (Ghanavati et al. [@CR10]; Spier et al. [@CR31]; Tanimura et al. [@CR33]; Wang and Ren [@CR35]). Thus, much attention have been paid to various oleaginous yeasts for biodiesel production (Areesirisuk et al. [@CR3]; Deeba et al. [@CR7]; Poli et al. [@CR23]; Seo et al. [@CR25]; Sitepu et al. [@CR28]; Spier et al. [@CR31]; Tanimura et al. [@CR33], [@CR34]; Yang et al. [@CR37]).

Both yeast strains and culture conditions have great impacts on lipid accumulation and fatty acid profiles (Rakicka et al. [@CR24]; Sitepu et al. [@CR27]). Total lipids and fatty acid profiles vary significantly between species, to some extent among strains of the same species, also for the same strain grown under different culture conditions such as carbon source, nitrogen source, temperature, pH, salt concentration and C/N ratio (Béligon et al. [@CR4]; Braunwald et al. [@CR5]; Cescut et al. [@CR6]). Sugar-based media such as glucose, xylose, fructose, lactose, starch, and lignocellulosic hydrolyzates have been studied for lipid production, but glucose was found to be more easily metabolized compared to other substrates (Papanikolaou and Aggelis [@CR21]). Glucose and glucose containing substrates are thus the most common carbon sources used for growth and lipid production by oleaginous yeast.

For lipid accumulation, the crucial factor is the change of intracellular concentration of certain metabolites due to nitrogen limitation in culture medium. The influence of carbon-to-nitrogen (C/N) ratio on lipid accumulation by *Rhodotorula glutinis* was investigated, and showed increased lipid production at higher C/N ratios (Braunwald et al. [@CR5]). Another study with *Lipomyces starkeyi* cultivated in a medium based on sewage sludge supplemented with glucose showed 68% lipid accumulation at C/N ratio of 150, and a lipid content of 40% at C/N ratio of 60 (Angerbauer et al. [@CR2]). These reports signify nitrogen limitation as an important criterion for higher lipid accumulation. Besides C/N ratio, pH also strongly influences lipid accumulation. In *Rhodotorula glutinis*, notable difference in lipid yield (%) was observed at pH 3 (12%), pH 5 (48%) and pH 6 (44%) (Johnson et al. [@CR13]).

From above studies it is evident that lipid yields are influenced to a great extent by the media composition (carbon source, nitrogen source, minerals etc.), pH and temperature. In this study, marine yeast strains were isolated from the coastal water of North China, and the representative strains characterized for their ability to produce lipids under different fermentation conditions including carbon source, nitrogen source, temperature, pH, salt concentration and C/N ratio.

Materials and methods {#Sec2}
=====================

Sample collection and strain isolation {#Sec3}
--------------------------------------

Seawater samples were collected from coastal waters of Bohai Bay in North China and were then plated on M4 solid medium (glucose·H~2~O 10 g/l, peptone 1.5 g/l, yeast extract 0.1 g/l, and agar 20 g/l) at room temperature for 3--5 days with regular observation for yeast growth. The obtained cell colonies were then inoculated in M4 solid medium containing 0.05% ampicillin for axenic cultures. Pure isolates were maintained at 28 °C on YEPD medium (glucose·H~2~O 20 g/l, peptone 10 g/l, yeast extract 10 g/l, and agar 15 g/l) (Shen et al. [@CR26]) and sub-cultured every 20--30 days.

Identification of yeast strains {#Sec4}
-------------------------------

Yeast isolates were identified by sequence analysis of 18S rRNA gene. Total genomic DNA of yeast cells was extracted using DNA extraction kit (Generay, China), following the manufacturer's instruction. The 18S rRNA gene fragment was amplified by polymerase chain reaction (PCR) in the S1000™ Thermal cycler (Bio-Rad, USA) with the fungi universal primers, EF4 (5′-GGAAGGG (G/A) TGTATTTATTAG-3′) and EF3 (5′-TCCT (A/C) TAAATGACCAAGTTTG-3′) (Smit et al. [@CR30]). The PCR reaction was carried out under the initial denaturation at 94 °C for 5 min, followed by 30 cycles of 30 s at 94 °C, 30 s at 51 °C and 90 s at 72 °C, and a final extension at 72 °C for 10 min. The PCR products were purified using Gel DNA extraction kit (Generay, China). The resulting PCR products were sequenced at Beijing Genomics Institute (China) and the final sequences were edited using BioEdit and then compared with the National Center for Biotechnology Information database. Phylogenetic analyses were carried out using distance setting (Maximum likelihood) in MEGA 6 software with 1000 bootstrap replicates (Tamura et al. [@CR32]). The 18S rRNA gene sequences obtained for this study were submitted to GenBank under the access number of KU317620-317626 and KT281890-281892.

Strain screening with Nile red method {#Sec5}
-------------------------------------

The marine yeast strains were screened for lipid production using the Nile red staining method (Li et al. [@CR19]). Yeast cells were pre-cultured in 100 ml flasks containing 50 ml basic broth medium-A on an incubator shaker at 200 rpm and 30 °C for 5 days. One liter of the medium-A contained: glucose 120 g, CaCl~2~ 0.1 g, NH~4~Cl 0.5 g, yeast extract 1.5 g, KH~2~PO~4~ 7.0 g, Na~2~HPO~4~·2H~2~O 2.5 g, MgSO4·7H~2~O 1.5 g, FeCl~3~·6H~2~O 0.08 g, ZnSO~4~·7H~2~O 10.0 mg, MnSO~4~·H~2~O 0.07 mg, CuSO~4~ 0.1 mg, Co(NO~3~)~2~ 0.063 mg (Sitepu et al. [@CR27]). At 24 h intervals, an aliquot of the culture was sampled and centrifuged at 4000 rpm for 10 min. The resulting cell pellet was washed twice with sterile seawater and then stained with 0.01% (w/v) Nile Red in acetone. The intracellular lipids were examined by using an Epifluorescence Microscope (Nikon DS-Ri1) at the wavelength of 540 nm. Strains with high lipid accumulation exhibit high intensity of fluorescence. Based on this characteristic, lipid-producing strains were selected for further investigation of lipid production and fermentation optimization. The promising strain *Rhodosporidium* sp. TJUWZ4 has been deposited in China General Microbiological Culture Collection Center (CGMCC \# 2.5689).

Optimization of culture conditions {#Sec6}
----------------------------------

Six different parameters were investigated for their individual effect on cellular growth and lipid production of the representative strains screened by Nile red method. These variables included carbon source (glucose, sucrose, fructose, lactose and starch), nitrogen source (yeast extract, peptone, NH~4~Cl, (NH~4~)~2~SO~4~ and mixture of both of them), C/N ratio (20C, 20 N, 80, 120C, 120 N), initial pH of the medium (3.0, 4.0, 5.0, 6.0, and 7.0), temperature (15, 20, 25, 30 and 35 °C) and salinity strength (30, 50, 80 and 100%, v/v). The six sets of single-factor experiments were designed by varying the broth medium-A and each subsequent experiment was based on previous optimal results obtained. The experimental design and conditions are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. The first set experiment was to determine the optimal carbon source (sugar). Individual sugar was added to a concentration of 120 g/l for each treatment to determine the best sugar as the sole carbon source. Then optimal nitrogen source and concentrations were evaluated with the best carbon source. The best carbon and nitrogen source obtained were applied to investigate the optimum pH value. The pH was adjusted by using sulfuric acid and sodium hydroxide solutions. Accordingly, the temperature, salinity strength and C/N ratio were tested at the optimal pH value. Salinity strength was defined by seawater concentration adjusted by artificial sea salt in this study.

For all sets of experiment, the yeast isolates were cultured in 100 ml Erlenmeyer flasks containing 50 ml broth medium-A for 60 h at room temperature with shaking at 200 rpm. All experiments were conducted in triplicates, and the results were expressed as means of the replicates along with standard deviation (±SD).

Analytical methods {#Sec7}
------------------

At the end of the experiment, yeast cells were harvested by centrifugation at 4000 rpm for 10 min from 15 ml culture broth, washed twice with sterile distilled water and lyophilized for 48 h using a freeze-drying system (Christ, USA). The biomass concentration was expressed as dry cell weight per liter. Lipid yield was calculated as g lipid per g biomass, and productivity (g/l--h) as lipid production (g/l) over time of incubation (60 h).

Total lipids of yeast strains were extracted using the direct transesterification method described elsewhere (Lepage and Roy [@CR18]). Freeze-dried cells (50--100 mg) and 100 μl of 1.0 mg/ml internal standard (TAG 17:0 (glyceryl trihepta-decanoate), catalogue no. T2151, Sigma-Aldrich Co. LLC., USA) solution were dissolved directly in two ml of 4% sulfuric acid in methanol, vortexed for 30 s, and were then methyl-esterified at 80 °C for 1 h. To extract the FAMEs, one ml each of water and hexane were added to the mixtures at room temperature. After vortexing and centrifuging at 4000 rpm for 5 min, the fatty acids converted into fatty acid methyl esters (FAMEs) in the hexane layer was analyzed using GC--MS (Agilent 7890A-5975C, USA) equipped with a HP-5 ms capillary column (30 m × 250 μm × 0.25 μm). Helium was used as the carrier gas with a flow of 0.8 ml/min. A volume of 1.0 μl sample was injected into GC--MS, using a 10.0 μl syringe in splitless injection mode. The injection port temperature was set to 240 °C. The initial column temperature was maintained at 150 °C for 2 min followed by programming at 4 °C/min to 230 °C and held for 5 min.

Results {#Sec8}
=======

Oleaginous yeast strain isolation and molecular identification {#Sec9}
--------------------------------------------------------------

Ten marine yeast strains were isolated from coastal water of northern China. Colonies of all strains were observed to be red except TJUWZA11 with white appearance. Microscopy showed spherical to ovoid cells with the size ranging from 2 to 8 μm. For molecular identification and phylogenetic analyses, their 18S rRNA gene fragments were amplified from the total genomic DNA using the universal primers and subjected to sequencing analysis. Maximum likelihood tree was built based on the evolutionary distance of ten yeast strains with *Candida albicans* and *Thraustochytrium* sp. as outgroups (Fig. [1](#Fig1){ref-type="fig"}). Phylogenetic analyses indicated that these 10 yeast strains belonged to three genera of yeasts i.e., *Rhodotorula*, *Rhodosporidium* and *Cryptococcus*.Fig. 1Phylogenetic tree of marine yeast strains isolated from Bohai Bay of North China. Maximum likelihood tree was built using Mega 6 based on 18S rRNA genes from 10 marine yeast strains with sequences from *Candida albicans* and *Thraustochytrium* sp. as outgroups. Numbers above or below branches indicate bootstrap values (\>50%) from 1000 replications

Screening of oleaginous yeast strains with Nile red method {#Sec10}
----------------------------------------------------------

Nile red is a lipid-soluble dye and has been widely employed to determine the cellular lipid content in qualitative analysis (Kimura et al. [@CR15]). Among all the strains tested, *Rhodosporidium* TJUWZ4 and *Cryptococcus* TJUWZA11 showed a significant amount of lipid accumulation in shake flasks by exhibiting positive Nile red staining. The intensity of fluorescence for stained intracellular lipids increased with the ages of cultivation, reaching maximum on the 2nd day of cultures with golden yellow fluorescence as shown in Fig. [2](#Fig2){ref-type="fig"}. Since both strains exhibited highest fluorescence on the second day of cultivation, the subsequent optimization of cultivation conditions for lipid production and analysis were done at 60 h. The specific growth rates determined from the growth curves of *Rhodosporidium* TJUWZ4 and *Cryptococcus* TJUWZA11 were 0.026 and 0.035 h^−1^, repectively.Fig. 2Epifluorescence microscopy of the Nile Red stained isolate *Rhodosporidium* TJUWZ4 (*top panel*) and *Cryptococcus* TJUWZA11 (*bottom panel*) at different stages of growth

Effect of carbon and nitrogen sources on biomass production and lipid yield {#Sec11}
---------------------------------------------------------------------------

Two monosaccharides (glucose and fructose), two disaccharides (sucrose and lactose) and one polysaccharide (starch) were used to investigate the influence of carbon source on cellular growth and lipid production in flasks. As shown in Table [1](#Tab1){ref-type="table"}, for a given initial sugar concentration of 120 g/l, lipid accumulation was found in almost all carbon sources except for the very low lipid content (0.039 g/l) in *Rhodosporidium* TJUWZ4 grown on starch. Glucose was shown to be the best substrate with maximum lipid concentration of 0.73 and 0.62 g/l for *Rhodosporidium* TJUWZ4 and *Cryptococcus* TJUWZA11, respectively. The biomass was slightly higher on sucrose as compared to other carbon sources for both strains. The maximum lipid yield (0.17 g/g and 0.09 g/g for TJUWZ4 and TJUWZA11, respectively) and productivity (0.012 g/l--h and 0.01 g/l--h for TJUWZ4 and TJUWZA11, respectively) were found on glucose (Fig. [3](#Fig3){ref-type="fig"}a, b).Table 1Effect of carbon and nitrogen sources on biomass and lipid production in newly isolated marine oleaginous yeast strainsTreatment*Rhodosporidium*\
TJUWZ4*Cryptococcus* TJUWZA11Biomass\
(g/L)Lipid\
(g/L)Biomass\
(g/L)Lipid\
(g/L)Carbon source Glucose4.29 ± 0.080.73 ± 0.046.57 ± 0.150.62 ± 0.02 Sucrose4.70 ± 0.110.60 ± 0.116.94 ± 0.130.49 ± 0.07 Fructose2.30 ± 0.140.35 ± 0.046.30 ± 0.160.52 ± 0.03 Lactose3.66 ± 0.270.56 ± 0.055.04 ± 0.040.30 ± 0.01 StarchND0.039 ± 0.00ND0.41 ± 0.02Nitrogen source Peptone5.39 ± 0.491.37 ± 0.076.42 ± 0.080.75 ± 0.02 Yeast extract7.65 ± 0.071.19 ± 0.276.73 ± 0.130.66 ± 0.02 NH~4~Cl6.1 ± 0.320.88 ± 0.084.25 ± 0.150.45 ± 0.01 (NH4)~2~SO~4~4.71 ± 0.040.75 ± 0.064.14 ± 0.110.38 ± 0.01 (NH4)~2~SO~4~ + yeast extract6.92 ± 0.341.21 ± 0.147.45 ± 0.090.74 ± 0.08 (NH4)~2~SO~4~ + peptone5.25 ± 0.180.90 ± 0.026.00 ± 0.190.60 ± 0.1 NH~4~Cl + yeast extract5.00 ± 0.340.64 ± 0.095.62 ± 0.020.45 ± 0.08 NH~4~Cl +peptone5.42 ± 0.570.90 ± 0.115.30 ± 0.350.38 ± 0.05 Yeast extract + peptone7.35 ± 0.421.52 ± 0.087.36 ± 0.060.69 ± 0.07*ND* not determined Fig. 3Effect of various carbon sources on lipid yield of **a** *Rhodosporidium* TJUWZ4 and **b** *Cryptococcus* TJUWZA11

The experimental results indicated that *Cryptococcus* TJUWZA11 could utilize all carbon sources while *Rhodosporidium* TJUWZ4 could not accumulate lipids in the starchy medium. Previous report on *Cryptococcus terricola* also showed accumulation of high lipid content up to 61.96% on medium with 5% starch after a 10-day growth period (Tanimura et al. [@CR33]). To grow on starchy medium, *Cryptococcus terricola* could degrade starch to oligosaccharides by using their own extracellular amylases. It was therefore suggested that starch was not assimilated directly by most yeast and required extracellular enzymes. In the present study the biomass content of the two strains grown on starch could not be determined owing to the infeasibility of removing the residual starch in the culture after fermentation.

The influence of four different nitrogen sources, namely yeast extract, peptone, NH~4~Cl and (NH~4~)~2~SO~4~, on biomass and lipid production is shown in Table [1](#Tab1){ref-type="table"}. Results indicated that all nitrogen sources were able to support growth but the biomass and lipid concentration showed great differences. When organic nitrogen (peptone or yeast extract) was used as the sole nitrogen source for yeast growth, the lipid concentration was 1.37 and 0.75 g/l in peptone, or 1.19 and 0.66 g/l in yeast extract, for stain TJUWZ4 and TJUWZA11 respectively, which were much higher than the values obtained in inorganic sources. The biomass concentration was highest (7.65 g/l) on yeast extract for TJUWZ4, but for TJUWZA11 a combination of (NH~4~)~2~SO~4~ and yeast extract was required to achieve the maximum value of 7.45 g/l. Among all nitrogen sources used, peptone alone showed maximum lipid yield (0.254 and 0.117 g/g) and productivity (0.023 and 0.013 g/l--h) for TJUWZ4 and TJUWZA11 respectively (Figs. [3](#Fig3){ref-type="fig"}a, [4](#Fig4){ref-type="fig"}b). In cases of organic source mixed with inorganic nitrogen source (NH~4~Cl + yeast extract, NH~4~Cl + peptone, (NH~4~)~2~SO~4~ + yeast extract, (NH~4~)~2~SO~4~ + peptone), the lipid yield and productivity were lower than in sole organic source, but higher than in sole inorganic source. A previous study suggested that the vitamins and amino acids contained in organic sources could facilitate the growth of yeast cells thus increasing the lipid yield (Kitcha and Cheirsilp [@CR16]). These results indicate that organic nitrogen sources are more beneficial for lipid production by marine yeast when compared with inorganic sources.Fig. 4Effect of various nitrogen sources on lipid yield of **a** *Rhodosporidium* TJUWZ4 and **b** *Cryptococcus* TJUWZA11

Effect of pH, temperature and salinity of medium on lipid yield {#Sec12}
---------------------------------------------------------------

While the effects of carbon source, nitrogen source and their ratios on lipid production have been extensively examined, other factors such as pH, temperature and salinity have not been well studied to optimize the process parameters. In our study, both strains were capable of accumulating lipid in the broths with the initial pH range of 3--7 (Table [2](#Tab2){ref-type="table"}), exhibiting acid tolerance property. The lipid concentration ranged from 0.84 to 1.02 g/l for TJUWZ4, and from 0.42 to 0.66 g/l for TJUWZA11 within the experimental pH range. At pH 4 the lipid yield and productivity reached maximum level (Fig. [5](#Fig5){ref-type="fig"}). The highest lipid yield for TJUWZ4 and TJUWZA11 strains were 0.155 and 0.127 g/g with productivity of 0.017 and 0.011 g/l--h, respectively (Fig. [5](#Fig5){ref-type="fig"}). The ability of these two strains to accumulate high lipids at low pH makes them ideal candidates for continuous and semi-continuous pilot scale operations, as low pH discourages growth of contaminating bacteria.Table 2Effect of pH, temperature and salinity on biomass and lipid production of newly isolated oleaginous yeast strainsTreatment*Rhodosporidium* TJUWZ4*Cryptococcus* TJUWZA11Biomass\
(g/l)Lipid\
(g/l)Biomass\
(g/l)Lipid\
(g/l)pH 36.49 ± 0.310.84 ± 0.104.66 ± 0.180.42 ± 0.02 46.56 ± 0.211.02 ± 0.115.18 ± 0.260.66 ± 0.03 56.00 ± 0.070.90 ± 0.126.12 ± 0.070.63 ± 0.06 66.50 ± 0.250.90 ± 0.127.58 ± 0.290.59 ± 0.05 76.73 ± 0.050.94 ± 0.026.02 ± 0.120.55 ± 0.04Temperature 156.42 ± 0.281.05 ± 0.094.60 ± 0.230.29 ± 0.02 207.96 ± 0.581.47 ± 0.056.42 ± 0.210.78 ± 0.03 258.03 ± 0.641.47 ± 0.046.82 ± 0.040.76 ± 0.06 305.88 ± 1.181.11 ± 0.007.52 ± 0.560.67 ± 0.07 353.55 ± 0.230.63 ± 0.020.76 ± 0.220.01 ± 0.00Salinity 07.14 ± 0.320.83 ± 0.017.45 ± 0.181.17 ± 0.01 307.10 ± 0.260.88 ± 0.057.78 ± 0.450.66 ± 0.04 506.10 ± 0.340.77 ± 0.096.84 ± 0.220.96 ± 0.14 805.91 ± 0.210.79 ± 0.037.00 ± 0.261.20 ± 0.05 1005.98 ± 0.490.80 ± 0.076.35 ± 0.061.05 ± 0.10 Fig. 5Lipid yields pattern of the newly isolated oleaginous yeast strains in response to variation in pH, temperature and salinity

The effect of temperature on biomass and lipid production of the two newly isolated oleaginous yeast strains is shown in Table [2](#Tab2){ref-type="table"}. An increase in temperature from 30 to 35 °C led to a drop in biomass and lipid production for both strains. At 35 °C, there was a sharp decrease in the growth of *Cryptococcus* TJUWZA11 unlike *Rhodosporidium* TJUWZ4. Similarly there was a decline in biomass and lipid production when strains were grown at temperature below 20 °C. However, the drop in biomass and lipid production in *Cryptococcus* TJUWZA11 was of greater magnitude than *Rhodosporidium* TJUWZ4. The lipid productivity were maximum at temperature range of 20--25 °C with 0.025 and 0.013 g/l--h for *Rhodosporidium* TJUWZ4 and *Cryptococcus* TJUWZA11, respectively (Fig. [5](#Fig5){ref-type="fig"}). The lipid yield was highest at 30 °C for *Rhodosporidium* TJUWZ4 (0.19 g/g) and 20 °C for *Cryptococcus* TJUWZA11 (0.12 g/g) (Fig. [5](#Fig5){ref-type="fig"}). *Rhodosporidium* TJUWZ4 exhibited wide range of temperature (20--30 °C) tolerance with high lipid yield (0.185--0.189 g/g) whereas *Cryptococcus* TJUWZA11 was found to be temperature sensitive and gave highest lipid yield (0.121 g/g) at 20 °C.

As shown in Table [2](#Tab2){ref-type="table"}, both strains were able to grow and produce lipids at all levels of tested salinity (ranging from 30 to 100% of natural seawater). For *Cryptococcus* TJUWZA11, the optimal seawater concentration was 80%, under which the obtained lipid concentration and yield were 1.2 g/l and 0.17 g/g respectively. It was also found that the salinity strength had little effect on the biomass and lipid production (Table [2](#Tab2){ref-type="table"}) and also on the lipid yield (Fig. [5](#Fig5){ref-type="fig"}) of *Rhodosporidium* TJUWZ4.

Effect of carbon-to-nitrogen ratio on improving lipid yield {#Sec13}
-----------------------------------------------------------

It is well known that in a medium with high C/N ratio oleaginous yeast exhibit high yield since after the exhaustion of nitrogen present in the medium the excess carbon is converted to lipid droplets and stored within the yeast cell. In this study, the best carbon and nitrogen sources for high lipid yield and productivity were glucose and peptone respectively for both strains. The C/N ratios used in the experiments were obtained by varying the concentration of added carbon source (glucose) and nitrogen source (peptone and yeast extract) in the medium as listed in Table [3](#Tab3){ref-type="table"}. For the calculation of C/N ratios of 20 C and 120 C, the amount of nitrogen source was kept constant and the carbon source was varied and vice versa for C/N ratios of 20 N and 120 N. At different levels of initial glucose (Fig. [6](#Fig6){ref-type="fig"}a, c), yeast cells accumulated more lipid when the C/N ratio was raised from 20 C to 80. However, a further increase to C/N 120 C did not lead to higher lipid yields for both strains. On the other hand when C/N ratio was increased through nitrogen limitation (Fig. [6](#Fig6){ref-type="fig"}b, d), the isolates behaved differently. In *Rhodosporidium* TJUWZ4 the lipid production increased up to 5.4 g/l at C/N of 80 and with further increase in C/N to 120 the lipid yield dropped to 3.86 g/l. However, *Cryptococcus* TJUWZA11 showed increase in lipid production (1.54 g/l) with higher nitrogen limitation up to C/N 120 N. The maximum lipid yield and productivity were achieved at C/N 80 for *Rhodosporidium* TJUWZ4 whereas for *Cryptococcus* TJUWZA11 it was 120 N (Table [3](#Tab3){ref-type="table"}). Among the two strains the highest lipid yield achieved was 0.44 g/g (44%) with productivity of 0.09 g/l--h by *Rhodosporidium* TJUWZ4.Table 3C/N ratios and their effects on biomass, lipid production, yield and productivity of newly isolated oleaginous yeast strainsTreatmentGlucose\
(g/l)Peptone\
(g/l)Yeast extract\
(g/l)Biomass\
(g/l)Lipid\
(g/l)Yield\
(g/g)Productivity\
(g/l--h)*Rhodosporidium* TJUWZ4 20C^a^12.050.51.58.22 ± 0.641.60 ± 0.410.190.027 20N^b^482611.83 ± 0.222.86 ± 0.220.240.048 80480.51.512.4 ± 0.785.40 ± 1.420.440.090 120C^a^72.30.501.511.54 ± 0.543.52 ± 0.560.310.059 120N^b^480.330.9913.32 ± 1.193.86 ± 0.050.290.064*Cryptococcus* TJUWZA11 20C^a^14208.92 ± 0.730.91 ± 0.250.100.015 20N^b^56808.2 ± 0.430.75 ± 0.020.090.013 8056209.64 ± 0.411.19 ± 0.110.120.020 120C^a^84209.38 ± 0.811.02 ± 0.180.110.017 120N^b^561.33010.16 ± 0.781.54 ± 0.430.150.026C/N calculation formula: $\documentclass[12pt]{minimal}
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The fatty acid compositions of the lipid accumulated by both strains cultivated with different C/N ratios were similar with only minor variations in concentration (Table [4](#Tab4){ref-type="table"}; Fig. [6](#Fig6){ref-type="fig"}). The main fatty acids were oleic acid (C18:1), which ranged from 59.9 to 76.5% of the total fatty acids, followed by palmitic acid (C16:0), stearic acid (18:0) and linoleic acid (18:2). Myristic acid (14:0) and palmitoleic acid (16:1) were only detected in trace amounts. Fatty acids with 16 and 18 carbon atoms comprised over 90% of the total fatty acids. The obtained fatty acid profiles were quite similar to previously published reports (Meesters et al. [@CR20]) and also to those of plant oils, for instance, sunflower and canola oils (Ageitos et al. [@CR1]). Sixty-nine strains representing 17 genera and 50 species were surveyed and it was found that the dominant fatty acids of the tested yeast strains were oleic (18:1), palmitic (16:0), stearic (18:0), and linoleic (18:2) acids (Sitepu et al. [@CR27]). Minor fatty acids were lignoceric acid (24:0), palmitoleic acid (16:1), behenic acid (22:0), myristic acid (14:0), linolenic acid (18:3) and arachidic acid (22:0). In another work, twelve different yeast strains were evaluated for their lipid content and fatty acid profiles, and the data demonstrated that the predominant fatty acids are long chain fatty acids with 16--18 carbon atoms, including palmitic acid, oleic acid, linoleic acid and linolenic acid (Spier et al. [@CR31]).Table 4Fatty acid composition produced by cultures of two newly isolated oleaginous yeast strainsFatty acid*Rhodosporidium* TJUWZ4 (%)*Cryptococcus* TJUWZA11 (%)Myristic acid C14:00.70.4Palmitic acid C16:024.330.4Palmitoleic acid C16:11.20.7Stearic acid C18:03.13.7Oleic acid C18:159.841.8Linoleic acid C18:210.923.0Total100100

Discussion {#Sec14}
==========

Oleaginous yeast are known to accumulate lipids up to 20% of their biomass (Ageitos et al. [@CR1]), thus both strains isolated in our study are oleaginous by this definition. Only 3--10% of the 1600 known yeast species are oleaginous, and the identified genera include *Yarrowia*, *Candida*, *Rhodotorula*, *Rhodosporidium*, *Cryptococcus*, *Trichosporon* and *Lipomyces* (Sitepu et al. [@CR28]). Based on the 18S rRNA analysis, the isolated strains TJUWZ4 and TJUWZA11 belonged to *Rhodosporidium* and *Cryptococcus* genera, respectively, and their ability for lipid accumulation has been demonstrated to be consistent with previous published results (Meesters et al. [@CR20]; Sitepu et al. [@CR27], [@CR28]).

Oleaginous yeast capable of producing high lipid titers and yield is crucial to the bioprocess for conversion of lignocellulosic waste to lipids, which can further be converted to biodiesel (Slininger et al. [@CR29]). A robust strain exhibiting a wide range of adaptability and tolerance to the growth conditions would be an ideal candidate for development of such bioprocess. In the present study one of the isolates *Rhodosporidium* TJUWZ4 was found to exhibit such desired properties. It exhibited acid, temperature and salinity tolerance and gave highest lipid yield up to 44% (0.4 g/g) of cellular dry weight at C/N 80. It is noteworthy that only 5% of reported oleaginous yeasts can accumulate more than 25% of lipids (Ageitos et al. [@CR1]), and our results of *Rhodosporidium* TJUWZ4 has shown much higher than 25% placing it among the highest lipid accumulating oleaginous yeast.

While lipid content and yield can vary greatly among species, overall fatty acid profiles have been shown to be quite consistent under all conditions. As shown in Table [4](#Tab4){ref-type="table"}, the major fatty acids of two tested strains were oleic acid (ca. 60% in TJUWZ4 and ca. 42% in TJUWZA11), palmitic acid (24.3% in TJUWZ4 and 30.4% in TJUWZA11), and linoleic acid (ca. 11% in TJUWZ4 and 23% in TJUWZA11). Minor fatty acids were stearic acid (18:0), myristic acid (14:0) and palmitoleic acid (16:1). These are consistent with the range of lipids generally found in other oleaginous yeast species (Dias et al. [@CR8]; Sitepu et al. [@CR27]).

Fatty acid composition has significant impacts on performance of biodiesel. Major properties of any biodiesel that are directly influenced by the FAME composition include: cetane number (CN), melting point, oxidative stability, kinematic viscosity and heat of combustion, which should be modified to comply with official standards ASTM D6751 and EN 14214 (Kaneko et al. [@CR14]). Based on the fatty acid profiles observed in our study, it can be suggested that lipids from either yeast could be ideal candidates for biodiesel production purposes. However, owing to the robust nature of *Rhodsporidium* TJUWZ4, to changes in culture conditions, it could be a potential oleaginous yeast strain for biodiesel production in pilot scale oil production under batch as well as semi-continuous mode.

Lipid accumulation normally takes places when nitrogen source is depleted from the medium while carbon source is still present in high amounts (Gao et al. [@CR9]; Granger et al. [@CR12]). Under this condition, the excess carbon source is channeled into lipid bodies to form triglycerides (TAGs). From this, it can be deduced that a high C/N ratio of the media would be favorable for lipid accumulation. Accordingly, the lipid yield was increased through the nitrogen limitation. Our results also implied that at a certain level of nitrogen source, an increase of carbon loadings (glucose in the case) from 48 g/l (C/N 80) to 72.3 g/l (C/N 120C) was not beneficial for the lipid production. There existed an optimum initial C/N ratio, and when the value of C/N ratio was higher or lower than the optimal one, lipid accumulation decreased. Therefore, utilization of carbon sources should be controlled in the batch fermentation since carbon accounts for a large amount of the total production cost, and any potential saving in carbon utilization will help to reduce the processing cost and realize the economic industrial application.

In conclusion, ten marine yeast strains were isolated from Bohai Sea of northern China. Sequence analyses indicated that they belonged to three genera: *Rhodosporidium*, *Rhodotorula*, and *Cryptococcus*. Lipid production analyses identified two high lipid-producing strains, namely *Rhodosporidium* TJUWZ4 and *Cryptococcus* TJUWZA11. Further characterization of these two strains for their ability to accumulate lipid under various culture conditions revealed that *Rhodosporidium* TJUWZ4 (44% yield on glucose and peptone with C/N 80) is among the 5% reported oleaginous yeast able to accumulate above 25% lipid. Moreover, *Rhodosporidium* TJUWZ4 showed tolerance to a wide range of pH, temperature and salinity. The predominant fatty acid profiles were oleic acid (18:1), palmitic acid (C16:0) and linoleic acid (18:2) accounting to 90% of total fatty acids, highly desirable for better biodiesel properties. Thus, *Rhodosporidium* TJUWZ4 has great potentials for application in microbial based biodiesel production, and is an important step towards the development of a cost-effective and high-yielding process for biodiesel production from lignocellulosic waste.
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**Additional file 1: Table S1.** One-factor-at-a-time experimental design for optimization of lipid yield in newly isolated marine oleaginous yeasts.

Qiuzhen Wang and Yan Cui contributed equally to this work

This work was partially supported by NSFC Grants (31170109, 31670044) and National Public Science and Technology Research Funds Projects of Ocean (201305022). The views expressed herein are those of the authors and do not necessarily reflect the views of the funding agencies or any of its subagencies.

Competing interests {#FPar1}
===================

The authors declare that they have no competing interests.

Availability of data and materials {#FPar2}
==================================

The 18S rRNA gene sequences are available in GenBank under the Access Number of KU317620-317626 and KT281890-281892.

Ethical approval {#FPar3}
================

This article does not contain any studies with human participants or animals performed by any of the authors.
